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ABSTRACT
We use the Millennium II cosmological simulation combined with the semi-analytic
galaxy formation model of Guo et al. (2011) to predict the contribution of galactic
nuclei formed by the tidal stripping of nucleated dwarf galaxies to globular cluster
(GC) and ultra-compact dwarf galaxy (UCD) populations of galaxies. We follow the
merger trees of galaxies in clusters back in time and determine the absolute number
and stellar masses of disrupted galaxies. We assume that at all times nuclei have a dis-
tribution in nucleus-to-galaxy mass and nucleation fraction of galaxies similar to that
observed in the present day universe. Our results show stripped nuclei follow a mass
function N(M) ∼ M−1.5 in the mass range 106 < M/M⊙ < 10
8, significantly flatter
than found for globular clusters. The contribution of stripped nuclei will therefore
be most important among high-mass GCs and UCDs. For the Milky Way we predict
between 1 and 3 star clusters more massive than 105M⊙ come from tidally disrupted
dwarf galaxies, with the most massive cluster formed having a typical mass of a few
times 106M⊙, like omega Centauri. For a galaxy cluster with a mass 7 × 10
13M⊙,
similar to Fornax, we predict ∼19 UCDs more massive than 2×106M⊙ and ∼9 UCDs
more massive than 107M⊙ within a projected distance of 300 kpc come from tidally
stripped dwarf galaxies. The observed number of UCDs are ∼200 and 23, respectively.
We conclude that most UCDs in galaxy clusters are probably simply the high mass
end of the GC mass function.
Key words: methods: numerical – galaxies: dwarf – galaxies: formation – galaxies:
interactions – galaxies: star clusters
1 INTRODUCTION
Ultra-compact dwarf galaxies (UCDs) are a class of stel-
lar systems that was discovered more than a decade
ago in spectroscopic surveys of the Fornax cluster
(Hilker, Infante & Richtler 1999; Drinkwater et al. 2000).
They have since been discovered in other galaxy clus-
ters (Mieske et al. 2004; Has¸egan et al. 2005; Jones et al.
2006; Mieske et al. 2007; Misgeld et al. 2011; Madrid
2011; Penny, Forbes & Conselice 2012), galaxy groups
(Evstigneeva et al. 2007b; Da Rocha et al. 2011), as well as
isolated spiral galaxies (Hau et al. 2009). UCDs have typical
ages of 10 to 11 Gyr (Evstigneeva et al. 2007a; Francis et al.
2012) and are typically defined to have half-light radii 7 .
rh/pc . 100 and masses M & 2 × 10
6 M⊙, making them
an intermediate object between globular clusters (GCs) and
dwarf galaxies.
⋆ E-mail: j.pfeffer@uq.edu.au
The exact formation mechanism of UCDs and their re-
lation to GCs and dwarf galaxies is unknown and under
much debate, although a number of scenarios have been pro-
posed. The simplest explanation is that they are the high-
mass end of the GC mass function observed around galax-
ies with rich GC systems (Mieske, Hilker & Infante 2002;
Mieske, Hilker & Misgeld 2012) where a physical mechanism
causes an increasing lower size limit with increasing mass
(e.g. Murray 2009). Since UCDs have larger sizes than typi-
cal GCs, they may be formed from the merger of many GCs
in star cluster complexes (Kroupa 1998; Fellhauer & Kroupa
2002; Bru¨ns et al. 2011; Bru¨ns & Kroupa 2012). Alterna-
tively, they could be nucleated dwarf galaxies stripped
by tidal interactions such that only their compact cen-
tral region remains, referred to as the tidal strip-
ping or ‘threshing’ scenario (Bassino, Muzzio & Rabolli
1994; Bekki, Couch & Drinkwater 2001; Bekki et al. 2003;
Drinkwater et al. 2003; Pfeffer & Baumgardt 2013). There
is also evidence suggesting UCDs are a mix of stellar systems
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from different formation scenarios rather than a single one
(Mieske et al. 2006; Brodie et al. 2011; Chilingarian et al.
2011; Da Rocha et al. 2011; Norris & Kannappan 2011).
In general, it is impossible to determine the formation
mechanism of a given UCD because the predictions of in-
ternal UCD properties (size, mass, colour, velocity disper-
sion and metallicity) are very similar between the forma-
tion scenarios (although there are exceptions, such as NGC
4546 UCD1 which is evidently the result of tidal stripping,
Norris & Kannappan 2011). Given this, comparison of UCD
ages, numbers and spatial distributions with those of gen-
uine GCs and dwarf galaxies are needed to determine the
relative importance of the different UCD formation scenar-
ios.
In this work, we concentrate on the tidal stripping
scenario. Tidal stripping of nucleated dwarf galaxies is a
likely origin for at least some part of the UCD population
for a number of reasons: Observational studies show UCDs
and early-type galaxy nuclei have many common proper-
ties (Evstigneeva et al. 2008; Brodie et al. 2011). Theoreti-
cal work has also demonstrated that the sizes, masses and
internal velocity dispersions of stripped nuclei and UCDs
are very similar (Bekki et al. 2003; Pfeffer & Baumgardt
2013). Irregular objects with asymmetric extensions have
been found which may be dwarf galaxy nuclei undergo-
ing tidal stripping (Richtler et al. 2005; Brodie et al. 2011).
Current theories of giant elliptical formation in galaxy clus-
ters suggest the dominant growth mechanism for the galax-
ies from z = 1 to z = 0 is accretion through minor merg-
ers (e.g. Naab, Johansson & Ostriker 2009). Finally, in any
hierarchical galaxy formation scenario, dwarf galaxies are
tidally disrupted and UCD or GC formation has to occur
since the nuclei of dwarf galaxies are too compact to be de-
stroyed (Pfeffer & Baumgardt 2013). In the Milky Way, ob-
jects such as ω Cen (Lee et al. 1999; Hilker & Richtler 2000)
are thought to form via such a process and may be consid-
ered as ‘low-mass’ UCDs, while the ongoing formation of
a ‘low-mass’ UCD may be observed in the M54-Sagittarius
dwarf galaxy system (Ibata et al. 1997).
Previous work predicting UCD numbers and spatial dis-
tributions from tidal stripping was performed by Bekki et al.
(2003) and Thomas, Drinkwater & Evstigneeva (2008), who
modelled dwarf galaxies as test particles in a static poten-
tial and used a ‘threshing radius’ to decide if a UCD has
formed or not, and Goerdt et al. (2008), who used the or-
bits of particles in a cosmological simulation combined with
simulations of disc galaxies and dark matter haloes being
disrupted in a static galaxy cluster. Both Bekki et al. and
Goerdt et al. found their predictions matched observations,
however these studies were based on a very small sample of
UCDs known at the time. Thomas et al., using a larger UCD
sample, extended the analysis to lower luminosity UCDs and
dwarf galaxies and found a static threshing model under-
predicts UCDs at radii greater than 30 kpc for the Fornax
cluster. Mieske et al. (2012) calculated the fraction of GCs
that contribute to the UCD population based on the specific
frequencies of GCs around galaxies. They found at most 50
per cent of UCDs were formed by tidal stripping.
Although they are simple to implement, static models
of UCD formation in galaxy clusters have a number of disad-
vantages. As noted by Thomas et al. (2008), static models
do not take into account UCD formation that may have
occurred within smaller sub-clusters that later fell into the
main cluster and account for the extended spatial distri-
bution of UCDs. Galaxy clusters may have triaxial poten-
tials, thus dwarf galaxies may be on box orbits or other
chaotic orbits which provide a few close passages necessary
for UCD formation but orbit at large radii at other times
(Pfeffer & Baumgardt 2013). Galaxy clusters are expected
to undergo many mergers with sub-clusters during forma-
tion, which in the process may change the radial distribu-
tions of UCDs. Therefore, predictions of UCD properties
within the context of cosmologically motivated galaxy clus-
ter formation are needed to provide a definite answer on the
feasibility of the tidal stripping scenario.
In this paper we use the high-resolution Millennium
II cosmological simulation combined with a state-of-the-art
semi-analytic galaxy formation model (described in Section
2.1) to predict the properties of objects formed by tidal strip-
ping of nucleated galaxies. Throughout the paper we refer
to objects formed in the simulation by tidal stripping as
stripped nuclei since such objects may resemble both GCs
and UCDs and because the observed UCD populations may
be the result of more than one formation channel. This paper
is organized as follows. Section 2 describes how we identify
stripped nuclei in the cosmological simulation and Section 3
presents the results following from our methods. In Section
4 we compare our results with observations. In Section 5
we discuss the implications of our work for UCD formation
scenarios and summarize our results in Section 6.
2 METHOD
In this section we provide an overview of the cosmological
simulations we make use of and our method for defining and
identifying stripped nuclei within the simulations.
2.1 Overview of simulations
Semi-analytic models of galaxy formation allow one to pre-
dict the properties of galaxies and how they evolve over cos-
mic time by applying analytic recipes to the dark matter
merger trees of cosmological simulations. We make use of
the state-of-the-art semi-analytic model of Guo et al. (2011,
hereafter SAM) which was applied to the high-resolution
Millennium-II simulation (Boylan-Kolchin et al. 2009, here-
after MS-II). The MS-II has a resolution 125 times that of
the Millennium simulation (Springel et al. 2005) and has a
box size of 137 Mpc and a particle mass of 9.42 × 106 M⊙.
The SAM is constrained by low-redshift abundance and clus-
tering in the Sloan Digital Sky Survey and is tuned to repro-
duce the z = 0 mass distribution of galaxies down to stel-
lar masses of 107.5 M⊙. For data associated with the MS-II
run, we assume a cosmology consistent with the Wilkinson
Microwave Anisotropy Probe 1-year data (WMAP1) results
(Spergel et al. 2003) and assume h = 0.73 for all masses
and distances. In addition, we also consider the scaled
Millennium-II simulation and SAM (Guo et al. 2013, here-
after MSII-SW7), which was scaled to parameters consistent
with a WMAP 7-year cosmology (WMAP7; Komatsu et al.
2011), to test the importance of the assumed cosmology on
our results. For data associated with the MSII-SW7 run we
assume parameters consistent with a WMAP7 cosmology
c© 2014 RAS, MNRAS 000, 1–15
Stripped nuclei in galaxy clusters 3
and assume h = 0.704 for all masses and distances. The
best fit for WMAP7 is close to the best fit from Planck
data (Planck Collaboration et al. 2013) and therefore re-
sults would not change significantly in this cosmology.
2.2 Simulated galaxy cluster selection
Since UCDs are mainly found in massive galaxy clus-
ters (such as the Fornax and Virgo clusters which have
virial masses of 7× 1013 M⊙ and 4× 10
14 M⊙, respectively;
Drinkwater, Gregg & Colless 2001; McLaughlin 1999), we
only consider SAM galaxy clusters with virial masses greater
than 1013 M⊙/h (1.37 × 10
13 M⊙ in MS-II, 1.42 × 10
13 M⊙
in MSII-SW7). From this selection we obtain 301 clusters in
MS-II and 298 clusters in MSII-SW7. However we exclude
12 clusters in MS-II and 9 clusters in MSII-SW7 due to their
proximity to the edge of the simulation box (where the edge
of the box is within twice the virial radius of the cluster).
We define SAM galaxy clusters at z=0 as all galaxies that
are located within twice the clusters’ virial radius from the
central galaxy (i.e. the galaxy at the potential minimum
for the cluster). To mimic observations of galaxy clusters
a better choice would be to define cluster membership by
the line-of-sight velocity of a galaxy. However, since we only
use the SAM galaxy clusters (and their merger histories, as
discussed in Section 2.3) to choose the progenitors of the
stripped nuclei, this makes little difference since there are
typically few haloes beyond the virial radius large enough
to form stripped nuclei.
2.3 Identifying stripped nuclei
In order to identify galaxies in the simulations which may
form stripped nuclei we search the galaxy merger trees of all
galaxies in the SAM galaxy clusters at z = 0. We define a
galaxy as a possible stripped nucleus progenitor (hereafter
referred to as candidate galaxies and the dark matter halo of
the galaxies as candidate haloes) when the stellar mass first
exceeds 107.5 M⊙ (i.e. all progenitors of the candidate galaxy
have a stellar mass less than this limit). We choose this
lower mass cut based on the nucleation fraction observed for
galaxies (see Fig. 1) where galaxies below this mass do not
host nuclei. To decide if a candidate galaxy forms a stripped
nucleus we search the galaxy merger tree and find when the
candidates are completely disrupted according to the galaxy
disruption criteria in the SAM (eq. 30 of Guo et al. 2011).
A stripped nucleus is formed in such a merger if:
(i) The merger was a minor merger, where we define mi-
nor mergers as those with ‘dynamical’ mass ratios smaller
than 1:3 (as in Hopkins et al. 2010). The dynamical mass
Mdyn is defined as Mdyn = M∗ +Mgas +MDM(< rs) where
M∗ is the stellar mass of the galaxy, Mgas is the cold gas
mass and MDM(< rs) is the mass of the dark matter halo
within the NFW scale radius. About 9 per cent of candidates
have major mergers.
(ii) The merger happened at least 2 Gyr ago so there is
enough time to form a UCD (Pfeffer & Baumgardt 2013).
About 5 per cent of candidates merged less than 2 Gyr ago.
The number of objects that we remove can also give a mea-
sure of the number of recently formed objects per galaxy
cluster mass (i.e. recent mergers that may be observable):
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Figure 1. Fraction of early-type galaxies with nuclear clusters in
the Fornax and Virgo clusters. The data sets used for the calcu-
lation are described in Section 2.3. The grey, dotted line shows
the adopted function for the nucleation fraction of galaxies.
for mergers within 2 Gyr we find an average of 0.65 objects
per 1013 M⊙ and for mergers within 1 Gyr we find an av-
erage of 0.30 per 1013 M⊙. These values decrease to 0.53
per 1013 M⊙ and 0.25 per 10
13 M⊙, respectively, when only
considering nucleated objects.
(iii) The dynamical friction time, calculated using eq. 7-
26 from Binney & Tremaine (1987), is shorter than the time
the stripped nucleus has been orbiting within the halo it’s
associated with at z = 0. About 13 per cent of candidates
will have inspiralled via dynamical friction.
Since the particle mass (9.42 × 106 M⊙ in MS-II, 1.21 ×
107 M⊙ in MSII-SW7) is similar to the mass of UCDs, the
most bound particle of the candidate halo in the snapshot
before merging is defined as the stripped nucleus that formed
after the galaxy merges. We assign the stripped nucleus a
mass randomly chosen from a log-normal mass function for
the nucleus-to-galaxy mass ratio with a mean of 0.3 per cent
and a log-normal standard deviation of 0.5 dex, based on fig.
14 from Coˆte´ et al. (2006). Note we do not take into account
tidal stripping for the stripped nuclei (i.e. once a stripped
nucleus has formed it does not lose mass).
The fraction of galaxies that are nucleated is taken from
observations of galaxies in the Virgo and Fornax clusters.
For galaxies more luminous than MB 6 −15 mag the nu-
clear fraction was calculated from the properties of galaxies
and nuclei in the ACS Fornax Cluster Survey (Turner et al.
2012) and ACS Virgo Cluster Survey (ACSVCS) (Coˆte´ et al.
2006)1. For the fainter galaxies,MB > −15 mag, we take the
compilation of Fornax galaxies from Thomas et al. (2008).
The nuclear classification is based on the Fornax Cluster
Catalog (Ferguson 1989). The faint Virgo galaxies are taken
from the work and classification of Lisker et al. (2007, up-
dated catalogue, priv. comm.). For the magnitude range
−15 > MB > −15.5 the nucleation classification of the
ACSVCS (Coˆte´ et al. 2006) was taken into account. We
1 We used the online version of the ACSVCS
nuclei catalogue which is based on Se´rsic fits:
https://www.astrosci.ca/users/VCSFCS/Data_Products_files/acsvcs_nuclei_sersic.dat
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are confident that for the low surface brightness early-type
dwarf galaxies the detection of nuclear clusters essentially is
complete because the compact nuclei have a high contrast
on top of the faint, extended stellar body of the galaxy.
The fraction of nucleated galaxies according to their stel-
lar mass is shown in Fig. 1. To convert from B-band lu-
minosity to stellar mass, we choose a mass-to-light ratio of
(M/L)B = 3 (M/L)⊙ for all galaxies, the average observed
for dwarf galaxies in the Virgo cluster (Chilingarian 2009).
We take an average nucleation fraction of 80 per cent for
galaxies more massive than M = 4.7 × 108 M⊙ (MB = −15
mag). For galaxies less massive than this, we choose a frac-
tion that varies linearly (in log-space) between 80 per cent
at M = 4.7 × 108 M⊙ and 0 per cent at M = 3.0 × 10
7 M⊙
(MB = −12 mag). For galaxies with masses larger than
1011 M⊙ we assume nuclei no longer exist due to destruction
by supermassive black holes (Graham & Spitler 2009). Note
that the lack of nucleated galaxies with masses 1010.5 <
M∗/M⊙ < 10
11 in Fig. 1 is due to a small sample size.
We make no distinction between early- and late-type galax-
ies since similar nucleated fractions are observed for both
(e.g. Carollo et al. 1997; Bo¨ker et al. 2002; Coˆte´ et al. 2006;
Seth et al. 2006). Where possible we work with fractions of
stripped nuclei instead of randomly choosing galaxies to sat-
isfy the nucleated fraction (e.g. instead of letting only 80 per
cent of disrupted galaxies form a stripped nuclei we let ev-
ery galaxy create 0.8 stripped nuclei). This improves our
statistics.
Two possible problems related to studying UCD forma-
tion in MS-II and MSII-SW7 are the simulation mass res-
olution and lack of a stellar component. The first problem
relates to using a single particle to represent the nucleus
of a galaxy. By using a single particle, it is possible that
during a merger the particle is ejected before the merger is
complete and therefore no longer accurately tracks the path
of a stripped nucleus. By choosing the most bound particle
of the halo just before merging as the stripped nucleus, we
expect such an effect is negligible.
The second problem relates to the mass distribution
of haloes in dark matter only simulations. The mass distri-
bution of a galaxy has important implications for stripped
nucleus formation since it determines how close a galaxy
has to pass to the galaxy cluster centre to be disrupted (i.e.
for a given mass, objects with extended mass distributions
will be disrupted at larger radii than objects with more con-
centrated mass distributions). Haloes in dark matter only
simulations are well fit by cuspy profiles (e.g. NFW pro-
files; Navarro, Frenk & White 1996), while the dark matter
haloes of galaxies are better fit by cored profiles (Oh et al.
2011). The matter in a cuspy profile is more centrally con-
centrated compared to a cored profile, therefore making
cuspy dark matter haloes harder to disrupt. However, the
baryonic matter located within haloes is typically more con-
centrated than the dark matter and potentially acts as a
compensating effect within cored haloes. It is uncertain how
a combined stellar matter and cored dark matter profile
compares with that of a cuspy dark matter profile and how
this affects the number of stripped nuclei that are able to
form in the simulations.
To see how differences in halo mass profiles are likely to
affect our results, in Fig. 2 we compare realistic mass profiles
for nucleated dwarf elliptical galaxies (dE,Ns) with NFW
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Figure 2. Cumulative mass distributions for combined King,
Se´rsic and Burkert models of nucleated dwarf elliptical galaxies
compared with NFW models of the same total mass from MS-II.
For reference, the lowest mass halo resolved in MS-II (a halo with
20 particles) is shown by a dash-dotted line.
profiles (Navarro et al. 1996) of the same total mass. In Fig.
2(b) we show the results for a dE,N with stellar mass 109 M⊙
which we take to be an average dE,N. For the dwarf elliptical
we chose a King profile (King 1962) for the nucleus (with pa-
rameters c = 1.5, Rh = 4 pc,M = 3×10
6 M⊙), a Se´rsic pro-
file (Se´rsic 1963) for the stellar envelope of the galaxy (with
parameters n = 1.5, Re = 1.0 kpc, M = 1× 10
9 M⊙) and a
Burkert profile (Burkert 1995) for the dark matter halo (with
massM = 9×1010 M⊙). The parameters for the King profile
are chosen to be comparable to a typical dwarf elliptical nu-
cleus with the mass chosen to satisfy the nucleus-to-envelope
luminosity ratio of 0.3 per cent for dwarf ellipticals in the
Virgo Cluster (Coˆte´ et al. 2006). For the stellar envelope the
effective radius Re is typical for a dwarf elliptical of this mass
(Misgeld & Hilker 2011) while the Se´rsic index n is chosen
based on the observed MV -n relation for early-type galaxies
(Misgeld, Mieske & Hilker 2008). The dark matter mass is
chosen based on the average halo virial mass for galaxies in
the SAM with the same stellar mass. The concentration for
the NFW profile (cNFW = 19.3) is chosen using the relation
for subhaloes derived by Klypin, Trujillo-Gomez & Primack
(2011). Remarkably, the mass profiles of the dE,N and the
NFW profile in Fig. 2(b) match reasonably well above a mass
of 107 M⊙ (or a radius of 0.1 kpc), below which the nucleus
dominates the mass profile of the dwarf galaxy. Therefore a
dE,N with a stellar mass 109 M⊙ and a halo with an NFW
profile would likely be disrupted at a similar radius in a
galaxy cluster.
If we repeat the same procedure for dE,Ns of other
masses the situation is slightly different. In Fig. 2(a) we
show the comparison for a dE,N with stellar mass 108 M⊙
with King profile parameters c = 1.5, Rh = 4 pc and
M = 3×105 M⊙, Se´rsic profile parameters n = 1.5, Re = 0.8
kpc and M = 1 × 108 M⊙ and a dark matter mass of
M = 3× 1010 M⊙. In Fig. 2(c) we show the comparison for
a dE,N with stellar mass 1010 M⊙ with King profile param-
c© 2014 RAS, MNRAS 000, 1–15
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Figure 3. Projected distribution of stripped nuclei in one of the
Virgo-sized galaxy clusters at z = 0. The stripped nuclei with
masses Mnuc <= 107 M⊙ are shown as red points and those more
massive than 107 M⊙ are shown as blue triangles, while galaxies
are shown as black circles with radii scaling with the stellar mass.
The central galaxy (the galaxy at the centre of the cluster poten-
tial) is located at (0,0) and the cluster virial radius is rvir = 1.15
Mpc, equal to the width of the box. In total there are 200 stripped
nuclei in the cluster (169 within this box).
eters c = 1.5, Rh = 4 pc and M = 3× 10
7 M⊙, Se´rsic profile
parameters n = 1.5, Re = 1.5 kpc andM = 1×10
10 M⊙ and
a dark matter mass of M = 3× 1011 M⊙. For a dE,N with a
stellar mass 108 M⊙ we find the NFW profile is more concen-
trated than the dE,N profile, while for a dE,N with a stellar
mass 1010 M⊙ we find the dE,N profile is more concentrated
than the NFW profile. Therefore it is likely we underesti-
mate formation of stripped nuclei at the low-mass end (nu-
clei masses less than 106 M⊙) and overestimate formation of
stripped nuclei at the high-mass end (nuclei masses greater
than 107 M⊙).
3 RESULTS
In this section we present the results from the analysis of the
simulations described in Section 2. Where not indicated oth-
erwise, we show results from MS-II plus SAM (WMAP1 cos-
mology) where galaxy clusters are selected by cluster virial
mass and work with fractions of stripped nuclei instead of
randomly choosing galaxies to satisfy the nucleated fractions
of progenitor galaxies (see Section 2.3).
In Fig. 3 we show the projected distribution of stripped
nuclei formed in a Virgo-sized galaxy cluster (for the simu-
lated cluster the virial mass is 1.86× 1014 M⊙ and the virial
radius is 1.15 Mpc). Here we randomly choose galaxies to
satisfy nucleated fractions instead of working with fractions.
The cluster has 200 (169) stripped nuclei in total (within the
box); 103 (91) more massive than 106 M⊙ and 35 (32) more
massive than 107 M⊙. Most of the stripped nuclei, ∼ 80 per
cent, are located within the cluster virial radius since there
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Figure 4. The number of stripped nuclei formed above a given
mass located within the projected cluster virial radius at z = 0
for individual galaxy clusters. The least-squares best fit for each
population is shown by a solid line and the standard deviation
of the data points from the best fit are shown by a dashed line
(we don’t show the error in the best fit since this is small). The
equation of best fit for each population is given in the text.
are few haloes beyond this radius large enough to form them.
Around 60 per cent of the stripped nuclei are located within
half the cluster virial radius, with most of these associated
with the central galaxy. Of the stripped nuclei associated
with the central galaxy, 90 per cent are located within half
the cluster virial radius. These numbers are typical for most
clusters.
3.1 Number of stripped nuclei formed
3.1.1 Total number in clusters
In Fig. 4 we show the total number of stripped nuclei formed
by z = 0 for each galaxy cluster in the SAM compared to
the cluster virial mass, along with the least-squares best fit
and the standard deviation of the data points from the best
fitting relation for each population. For each cluster we av-
erage the number of stripped nuclei within the projected
virial radius over three sightlines (the x-, y- and z-axis of
the simulation). There is very little difference between using
the projected and 3D virial radius. The data shows an in-
crease in scatter from the best fit lines for decreasing cluster
masses and increasing nuclei masses which can be attributed
to Poisson scatter and an increasing sample size. We find the
best fitting relations of the number of stripped nuclei for a
given lower mass cut to be
N(Mnuc > 10
5 M⊙) = 10± 1.7
(
Mvir
1013 M⊙
)0.91
, (1)
N(Mnuc > 10
6 M⊙) = 6.3± 1.4
(
Mvir
1013 M⊙
)0.89
, (2)
N(Mnuc > 10
7 M⊙) = 2± 0.71
(
Mvir
1013 M⊙
)0.87
, (3)
N(Mnuc > 10
8 M⊙) = 0.27± 0.29
(
Mvir
1013 M⊙
)0.95
, (4)
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where Mvir is the virial mass for the cluster and the error in
the relation is the standard deviation of the data points from
the mean. Interestingly the slopes of the best fitting lines
are slightly less than linear: formation of stripped nuclei is
slightly more efficient in low-mass clusters than high-mass
ones. This could be due to the fact that satellite galaxies
have higher velocities in high-mass clusters, so that they are
less likely to be on orbits needed for disruption. In MSII-
SW7 the number of stripped nuclei predicted for clusters of
similar mass is 5-10 per cent larger than in MS-II. However
the slopes of the fits in MSII-SW7 are almost identical to
those in MS-II.
The average number of stripped nuclei associated with
satellite galaxies in clusters is 36 per cent and therefore
central galaxies typically have 64 per cent of stripped nu-
clei. The average number associated with satellite galaxies
varies with cluster mass: from 34 per cent at the low-mass
end (Mvir < 10
14 M⊙) to 58 per cent at the high-mass end
(Mvir > 10
14 M⊙).
On average 22 per cent of stripped nuclei were formed in
haloes which then merged into another halo. When looking
only at the central galaxies in galaxy clusters, this jumps to
29 per cent on average; 28 per cent for clusters with virial
masses Mvir < 10
14 M⊙ and 35 per cent for clusters with
virial masses Mvir > 10
14 M⊙.
3.1.2 Numbers in individual galaxies
In this section we compare the number of stripped nuclei
that form around individual galaxies. Specifically, we com-
pare the numbers around central and satellite galaxies in
the galaxy clusters and compare how the numbers correlate
with the halo virial mass and the stellar mass of the galaxy.
To determine which galaxy and halo each stripped nucleus
is associated with, we trace the galaxy and halo merger trees
of the candidate galaxies and haloes to the descendants at
z = 0. We assume that when a galaxy or halo becomes dis-
rupted by its host galaxy or halo, any stripped nuclei from
the satellite are transferred to the host. Before a satellite
is disrupted we assume that all stripped nuclei it hosted
before infall are still associated with it, even though some
nuclei may have been unbound during tidal stripping. For
all satellite halo masses in this section we take the virial
mass before infall into the host halo (and subsequent tidal
stripping). This allows us to directly compare the number
of stripped nuclei for central and satellite galaxies.
As we selected the sample of galaxy clusters from the
SAM by virial mass only (see Section 2.2), our original sam-
ple of clusters only has a complete sample of central galaxies
above stellar masses of ∼ 3×1011 M⊙. Therefore, in order to
obtain a complete sample to lower masses we create a new
sample of clusters which are selected to have a central galaxy
stellar mass larger than 1011 M⊙/h. This gives us a sample
of 271 clusters which we analyse using the method described
in Section 2.3. The new sample of clusters is therefore used
for the right panel in Fig. 5, while the original sample is
used for the left panel, where both panels are a WMAP1
cosmology.
In Fig. 5 we compare the number of stripped nuclei with
masses larger than 106 M⊙ that form for each galaxy against
the halo virial mass and stellar mass of the galaxy. The left
panel of the Fig. 5 shows that the number of stripped nuclei
which form for both central and satellite haloes follows a
tight relation with halo mass. The best fitting relation for
each sample is almost identical, which suggests they are part
of the same distribution and it is not necessary to make a
distinction between central and satellite galaxies when com-
paring against halo mass. As in Fig. 4 most of the points
in the figure are within a factor of two from the best fitting
relation, although there is slightly larger scatter at the low-
mass end. Compared to Fig. 4, the best fitting relation for
the number of stripped nuclei with halo mass is slightly flat-
ter (in Fig. 4 the power-law slope is α ≈ 0.9, compared to
α ≈ 0.75 in Fig. 5). This can be attributed to more massive
haloes having a higher proportion of satellites that can host
stripped nuclei compared to lower mass haloes. In the right
panel of Fig. 5, as in the left panel, the relations for centrals
and satellites are almost identical, suggesting they are part
of the same distribution. However there is a much larger
scatter in the number of stripped nuclei for a given stellar
mass of a galaxy compared to the left panel. We therefore
suggest that the halo mass of a galaxy is a better predictor
for the number of stripped nuclei formed by a galaxy than
the galaxy stellar mass.
3.1.3 Most massive stripped nuclei formed
Given that galaxies and haloes of larger masses are able to
tidally strip satellites of larger mass without undergoing a
major merger, it is expected that the most massive stripped
nucleus for a halo should scale with halo mass. In the left
panel of Fig. 6 we compare the mass of the most massive
stripped nucleus formed for each galaxy with the halo virial
mass of the galaxy. We do not distinguish between central
and satellite galaxies since we showed in Section 3.1.2 it is
unnecessary when comparing against halo mass (halo mass
before infall for satellite galaxies). Here we randomly choose
galaxies to satisfy nucleated fractions instead of working
with fractions. In the right panel of Fig. 6 we compare the
most massive stripped nucleus of a galaxy with the galaxy
stellar mass. Again we do not distinguish between central
and satellite galaxies. The maximum stripped nucleus mass
is largely set by the major merger prescription and there-
fore scales with halo and galaxy mass. The large scatter in
the maximum nucleus mass for a given halo or stellar mass
can be attributed to the particular merger histories of each
galaxy, as well as the distribution in the nucleus-to-galaxy
mass ratio.
A tidal stripping origin has been suggested for the most
massive GCs in the Milky Way and M31 and is also the most
likely origin for the most massive UCDs in the Virgo and
Fornax clusters. The most massive GCs in the Milky Way
and M31 are ω Cen and G1, respectively. For the Virgo and
Fornax clusters the most massive UCDs are M60-UCD1 and
UCD3, respectively. These are shown in Fig. 6 and agree well
with the predicted maximum nucleus masses for halo mass,
but lie slightly under the prediction for stellar mass. We
also show the most massive UCDs from NGC 3923, NGC
4546 and the Sombrero galaxy in the right panel of Fig. 6.
NGC 4546-UCD1 falls above the most massive nucleus we
predict which may partially be caused by recent star forma-
tion (Norris & Kannappan 2011). A tidal stripping origin
for these GCs and UCDs is therefore compatible with our
results.
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Figure 5. Number of stripped nuclei with masses larger than 106 M⊙ formed for individual galaxies in the simulated galaxy clusters
compared to the halo virial mass of the galaxy (left) and galaxy stellar mass from the semi-analytic model (right). Central galaxies
(galaxies at the centre of a galaxy cluster) are shown as red dots, while satellite galaxies (all other galaxies) are shown as black squares.
For satellite halo masses we take the virial mass before infall into a cluster. The least-squares best fit for each population is shown by a
solid line and the standard deviation of the data points from the best fit line is shown by a dashed line (we don’t show the error in the
best fit since this is small). The equation of best fit for each population is shown in the legend of the figures. In the right panel we select
galaxy clusters in the SAM by central galaxy mass (described in Section 3.1.2), rather than cluster virial mass, so that the number of
central galaxies is complete above 1011 M⊙/h.
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Figure 6. Maximum stripped nucleus mass for individual galaxies compared to the halo virial mass or halo mass before infall for satellite
haloes (left) or galaxy stellar mass (right) of the galaxy. For the Milky Way, M31, NGC 1399, M87 and M60 the most massive GC or
UCD (ω Cen, G1, UCD3, VUCD7 and M60-UCD1, respectively) are shown. The masses of ω Cen, G1, UCD3, VUCD7 and M60-UCD1
are taken from Jalali et al. (2012), Baumgardt et al. (2003), Hilker et al. (2007), Evstigneeva et al. (2007b) and Strader et al. (2013),
respectively. The halo masses of the Milky Way, M31, NGC 1399, M87 and M60 are taken from Boylan-Kolchin et al. (2013), Fardal et al.
(2013), Drinkwater et al. (2001), McLaughlin (1999) and Humphrey et al. (2006), respectively, where we assume NGC 1399 and M87 sit
at the centre of the cluster potential. The stellar masses of the Milky Way and M31 are taken from McMillan (2011) and Geehan et al.
(2006), respectively, and NGC 1399, M87 and M60 from Misgeld & Hilker (2011). In the right panel we also include the most massive
UCDs of NGC 3923, NGC 4546 and the Sombrero galaxy from Norris & Kannappan (2011).
With the exception of the Virgo and Fornax clusters and
NGC 4546, the masses of the most massive GCs and UCDs
also agree well with that predicted from the GC luminosity
functions (Hilker 2009; Norris & Kannappan 2011). There-
fore an agreement between the predicted maximum stripped
nucleus mass and that observed for a galaxy does not nec-
essarily imply a tidal stripping origin.
3.2 Mass function of stripped nuclei
In Fig. 7 we show the predicted mass function for the
stripped nuclei from all clusters in MS-II compared to the
mass function of GCs (a power-law with a slope α ≃ −2
for GCs more massive than 3×105 M⊙, Jorda´n et al. 2007).
Between masses 106 < M/M⊙ < 10
8 the nuclei follow a
power-law with a slope α = −1.52±0.02. We find no system-
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Figure 7. Normalized mass function of the stripped nuclei for
all clusters with a constant nucleus mass fraction Mnuc/Mgal =
0.3 per cent (thin red solid line) and distribution in the mass
fraction (thick blue solid line) compared with the mass function
of GCs (dash-dotted line; arbitrarily scaled such that GCs have
the same absolute number at 106 M⊙). The best-fitting slope for
the stripped nuclei with masses between 106 and 108 M⊙ for a
constant nucleus mass fraction is shown by the dashed line, with
the standard deviation in the slope shown by the dotted lines.
atic variation of the slope of the mass function with galaxy
cluster mass. We also compared this result to the prediction
from the MSII-SW7 run and found the result is unchanged.
For low-mass galaxy clusters (Mvir ∼ 10
13 M⊙) the slope can
vary significantly due to low numbers of nuclei and Poisson
scatter, however high-mass clusters (Mvir > 10
14 M⊙) have
little scatter from the average. Below masses of 106 M⊙ the
mass function of the nuclei flattens due to the decreasing nu-
cleation fraction of the progenitor galaxies. Above masses of
108 M⊙ the nuclei mass function steepens due to the steep-
ening of the mass function of the progenitor galaxies with
stellar masses above 1010.5 M⊙ (see fig. 7 of Guo et al. 2011).
Since stripped nuclei have a flatter mass function than GCs,
the contribution of stripped nuclei to UCDs will be more
important at the high-mass end.
We note that this result doesn’t take into account that
stripped nuclei may retain some stars from the main galaxy
(Pfeffer & Baumgardt 2013). If the average difference in size
between UCDs and the nuclei of the progenitor galaxies is a
factor of two (Evstigneeva et al. 2008), this will increase the
mass by 50 per cent and therefore will not be significantly
different from our prediction (assuming the increase in size
is due to stripped nuclei retaining some mass from the pro-
genitor galaxy; Pfeffer & Baumgardt 2013). In addition, we
do not include ongoing tidal stripping of the objects, which
would act in the opposite direction. Assuming the efficiency
of these processes does not depend on the mass of the pro-
genitor galaxy the slope of the mass function would change
little, although how they affect the absolute scale is unclear.
3.3 Ages of disrupted galaxies
In the upper panel of Fig. 8 we show the predicted mass-
weighted ages and merger times for the galaxies which are
disrupted to form stripped nuclei, as well as the mass-
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Figure 8. Normalized cumulative distribution of the predicted
ages and merger times for disrupted galaxies. The merged galaxy
ages are the mass-weighted ages of the galaxies from the SAM
which are disrupted to form stripped nuclei in our model. The
surviving dwarf ages are the mass-weighted ages of the dwarf
galaxies (with masses between 107.5-1010.5 M⊙) which survive
in the SAM galaxy clusters at z = 0. The merger time shows
the time when the dark matter haloes of the progenitor galaxies
which form stripped nuclei are no longer resolved. In the upper
panel black lines show the results from a WMAP1 cosmology,
while grey lines show results from a WMAP7 cosmology. We also
show the standard deviation of ages of UCDs in the Virgo and
Fornax clusters for comparison (Francis et al. 2012). In the lower
panel we divide the progenitor galaxies into high-mass and low-
mass groups and compare the galaxy ages and merger times for a
WMAP1 cosmology. Since the low-mass group contains most of
the galaxies its distributions are almost identical to that of the
total population.
weighted ages of dwarf galaxies which survive to z = 0.
The figure shows that galaxies which merge and become
stripped nuclei mostly form very early (95 per cent formed
more than 10.5 Gyr ago), even though mergers happen up
until 2 Gyr ago (the minimum time we require to form a
stripped nucleus). The dwarf galaxies remaining at z = 0,
however, are typically younger by about 2 Gyr than the
dwarf galaxies that merge. This preferential disruption of old
galaxies agrees well with the observation that typically only
old dwarf galaxies are located near the centre of galaxy clus-
ters (e.g. Paudel, Lisker & Kuntschner 2011). The plot also
shows that there is very little difference between WMAP1
and WMAP7 cosmologies for the ages of galaxies which
merge to form stripped nuclei and the merger times of dis-
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rupted galaxies. However the surviving dwarf galaxies are
slightly younger (∼ 0.5 Gyr) in a WMAP7 cosmology.
From the ages of the progenitor galaxies alone it is im-
possible to infer ages for the stripped nuclei since the ages of
nuclei bear little relation to their host galaxies (Paudel et al.
2011). For our scenario we require that some part of the nu-
cleus is built up with the formation of the galaxy or very
soon afterwards (within 0.9 Gyr) in order to explain 95 per
cent of the stripped nuclei we predict. This would particu-
larly affect the most massive nuclei since they may take a
longer time to form than low-mass nuclei if they are built
up by several star formation events. Therefore, in the lower
panel of Fig. 8 we divide the galaxies into high-mass (galaxy
stellar mass M > 1010 M⊙) and low-mass (galaxy stellar
mass M 6 1010 M⊙) groups. The figure shows that high-
mass galaxies typically form about 0.8 Gyr later than low-
mass galaxies, however, they also merge much later than
low-mass galaxies (∼ 2.5 Gyr later). To explain 95 per cent
of the high-mass stripped nuclei (masses M & 107 M⊙) it is
only required that the nuclei form within ∼2 Gyr.
In the upper panel of Fig. 8 we also plot the mean ages
of UCDs in the Virgo and Fornax clusters from Francis et al.
(2012) for comparison. If nucleus formation happens (or con-
tinues to happen) some time between the formation and the
merging of the progenitor galaxy, the ages of stripped nuclei
would fall well within the measured ages of UCDs.
3.4 Radial distribution of stripped nuclei
In Fig. 9 we show the projected cumulative radial distribu-
tions from the centre of a galaxy cluster for the stripped
nuclei more massive than 106 M⊙, where the clusters are
binned according to cluster mass. The number of simulated
galaxy clusters in each mass range are 170, 58, 40 and 21,
from least massive bin to most massive. For each cluster we
average over three sightlines (the x-, y- and z-axis of the
simulation) to calculate the radial distribution. Note that
the radial distributions include stripped nuclei associated
with satellite galaxies and not just those associated with
the central galaxy. From least massive bin to most massive
in panels (a)-(i) the percentage of stripped nuclei associated
with satellite galaxies is approximately 18, 20, 25 and 28 per
cent and in panel (j) it is approximately 17, 22, 30 and 43
per cent.
Panels (a)-(d) show the absolute numbers of stripped
nuclei while panels (e)-(h) show the normalized radial dis-
tributions. Despite the large differences in the absolute num-
bers (the standard deviation for all mass bins is ∼ 25 per
cent of the mean) the normalized radial distributions have
a small deviation from the mean (less than 5 per cent). In
panel (i) and (j) we compare the normalized radial distribu-
tions for each mass bin. The radial profiles strongly depend
on the cluster mass, with the radial profiles being more con-
centrated in low-mass clusters. This is partially explained by
high-mass clusters having more stripped nuclei associated
with satellite galaxies in the cluster, and therefore a larger
number of stripped nuclei at larger projected distances. If we
only plot the nuclei associated with the central galaxy panel
(i) is almost unchanged, while in panel (j) the spread be-
tween the largest and smallest mass bins is reduced by about
50 per cent. The remaining difference can be explained by
high-mass clusters having more mass within a given radius
(or fraction of the virial radius) than low-mass clusters and
can therefore tidally strip galaxies at a larger radius.
Comparing these results with observations is not trivial
since one needs uniform observations that cover a significant
fraction of a galaxy cluster. Such observations might become
available with programs such as the Next Generation Virgo
cluster Survey (NGVS; Ferrarese et al. 2012).
3.5 Orbits of stripped nuclei
One question that remains unanswered from
Pfeffer & Baumgardt (2013) is whether the orbits that
can explain the full size range of UCDs in galaxy clusters
are likely to occur. Pfeffer & Baumgardt found that dwarf
galaxies should have at most a few close passages within
∼ 10 kpc of the central galaxy in a rich galaxy cluster
to form extended UCDs (those that are many times the
size of dwarf galaxy nuclei of a similar mass) while those
with many close passages form objects approximately the
size of the nucleus. The orbits that progenitor galaxies
take in galaxy clusters during the formation of GCs/UCDs
therefore have strong implications for the size of objects
that can form during tidal stripping.
The snapshot output times of MS-II (every 300 Myr on
average between 0 and 12 Gyr in lookback time) is much
too coarse to follow the orbits of galaxies which are likely to
become stripped nuclei. Therefore in order to find when peri-
/apocentres occur we advance the particles between snap-
shots based on their current position and velocity. For each
candidate we find the snapshot at which the candidate halo
first becomes a satellite in a larger halo, then at each snap-
shot until z=0 we find the position and velocity of candidate
halo or the most bound particle which we designated the
stripped nucleus (once the candidate halo is disrupted). We
use a simple leapfrog method to advance the halo or particle
between the snapshots with 1000 time steps. We take into
account the gravitational potential of all subhaloes in the
clusters for the potential calculation and assume an NFW
profile for all haloes. The positions of all haloes are also
advanced between snapshots. When determining the num-
ber of pericentre passages we assume only passages with the
host halo are important for disrupting the galaxies. Since
we don’t know how the mass of the subhaloes change be-
tween the snapshots, we advanced the halo or particle at
one timestep forward, then at the next timestep backward,
and chose the orbit that fits the positions of the particles in
the snapshots.
Since this is a rather simple and na¨ıve analysis, there
are a number of problems which may introduce significant
errors. The two problems which will introduce the largest
errors in the orbit calculations are not taking into account
dynamical friction and not taking into account any triaxi-
ality of haloes. Since the halo catalogues of MS-II do not
include any information on triaxiality it is not possible to
include this effect in this work. We assume here that all peri-
centre passages are of equal importance to the formation of
the stripped nuclei. However, since some passages may have
occurred in smaller haloes before entering a galaxy cluster,
we may overestimate the number of important pericentre
passages to the stripped nuclei. Therefore the number of ex-
tended stripped nuclei may be larger than we predict. For
these reasons we do not use the orbits to decide whether a
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Figure 9. Projected cumulative radial distributions from the centre of the galaxy cluster for stripped nuclei with masses larger than
106 M⊙. The panels (a)-(d) show the radial distributions within 300 kpc with the data stacked by the virial mass of the cluster (the mass
ranges are indicated in each panel). The solid line shows the mean for each sample, while the dashed lines show the standard deviation.
Panels (e)-(h) show the normalized distributions of panels (a)-(d). The mean and standard deviation for the absolute and normalized
distributions were calculated separately. Panels (i) and (j) show the mean of the normalized radial distributions for each mass range.
Panel (i) shows the radial distributions within 300 kpc, while panel (j) shows projected radius scaled by the virial radius for each cluster.
Table 1. Mean and median number of pericentre passages and
fraction of objects with at least one pericentre passage less than
a given distance.
Pericentre Mean Median Fraction (%)
< 5 kpc 23 9 81
< 10 kpc 26 12 86
< 20 kpc 28 15 91
< 50 kpc 31 19 96
stripped nucleus has formed and instead rely on the merger
tree. The following results are therefore only approximate.
In Table 1 we show the typical number of pericentre
passages for stripped nuclei with at least one passage less
than a given distance. We find most candidates, 66 per cent,
typically have more than three pericentre passages less than
10 kpc and therefore likely form compact objects similar
to the size of the initial nucleus (within a factor of ∼ 2,
Pfeffer & Baumgardt 2013). We also find 20 per cent of can-
didates have only between one and three pericentre passages
less than 10 kpc and therefore satisfy the condition to form
extended UCDs. Alternatively, candidates that have no peri-
centre passages less than 20 kpc may also form extended ob-
jects and which account for 9 per cent of candidates. How-
ever, these are mainly dwarf galaxies with stellar masses
between 107.5 and 109 M⊙ (95 per cent of galaxies with stel-
lar masses greater than 1010 M⊙ have a least one orbit less
than 20 kpc) and therefore will most likely still form com-
pact objects since they will be disrupted at larger distances
than more massive galaxies. This supports the view that
there will be few intermediate objects between UCDs and
dwarf galaxies since objects that form slowly are rare (e.g.
Brodie et al. 2011; Bru¨ns & Kroupa 2012). The final 5 per
c© 2014 RAS, MNRAS 000, 1–15
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cent of candidates have no passages less than 10 kpc and at
least one between 10 and 20 kpc. Since almost all of these
galaxies have have low masses (less than 5 per cent have
masses larger than 1010 M⊙) they will also likely form com-
pact objects.
4 COMPARISON WITH OBSERVATIONS
4.1 Milky Way
In the Milky Way it has been suggested that the GCs
ω Cen (Lee et al. 1999; Hilker & Richtler 2000), M22
(Marino et al. 2009), NGC 1851 (Han et al. 2009), Terzan 5
(Ferraro et al. 2009), NGC 2419 (Cohen et al. 2010), NGC
3201 (Simmerer et al. 2013) and NGC 5824 (Saviane et al.
2012) are the nuclei of disrupted dwarf galaxies due
to either stellar populations with multiple ages or stel-
lar populations with a spread in heavy element abun-
dances. We use the GC luminosities from the online GC
database of Harris (1996) and the mass-to-light ratios from
McLaughlin & van der Marel (2005), from which we use the
Wilson fits since the fits are at least as good, and often bet-
ter, than the King and power-law fits (with the exception of
Terzan 5 where we take the mass from Lanzoni et al. 2010).
This gives seven GCs with masses larger than 105 M⊙ (all
suggested GCs) and two GCs more massive than 106 M⊙
(ω Cen and Terzan 5) that are thought to be remnants of
stripped dwarf galaxies. If we extrapolate equations 1-4 to
the virial mass of the Milky Way Mvir = 1.6
+0.8
−0.6 × 10
12 M⊙
(90 per cent confidence interval from Boylan-Kolchin et al.
2013) we predict 1.9+1.3−0.9 stripped nuclei have formed around
the Milky Way with a mass larger than 105 M⊙ and 1.2
+0.9
−0.6
have formed with a mass larger than 106 M⊙. Around 41
+38
−23
per cent of Milky Way mass haloes are predicted to have a
stripped nucleus more massive than 107 M⊙ and 5
+10
−5 per
cent are predicted to have a stripped nucleus more massive
than 108 M⊙. The number of stripped nuclei predicted for
the Milky Way in MSII-SW7 are very similar to that in MS-
II. Therefore, given the errors from the fits in Fig. 4 and the
virial mass estimates, the number of stripped nuclei that
we predict with masses larger than 106 M⊙ is completely
consistent with the number that are observed in the Milky
Way. For stripped nuclei with masses larger than 105 M⊙
the number we predict is a factor of three lower than the
number that are observed in the Milky Way. This does not
necessarily imply tension with observations since the Pois-
son scatter is large for Milky Way-sized haloes and it is not
clear whether these GCs in the Milky Way are definitely
stripped nuclei or have formed via a different process. Alter-
natively this disagreement could be explained by low-mass
dwarf galaxies having a higher nucleation fraction at early
times.
4.2 M31
Four GCs around M31 have also been suggested to be
the nuclei of disrupted dwarf galaxies: G1 (Meylan et al.
2001) and G78, G213 and G280 (Fuentes-Carrera et al.
2008). These GCs all have masses larger than 106 M⊙
(Strader, Caldwell & Seth 2011). Current estimates suggest
a halo virial mass for M31 close to the upper bound for
Table 2. Number of predicted stripped nuclei and the number of
confirmed UCDs observed in the Fornax cluster within a given
projected radius. The observed number of UCDs with masses
M > 2×106M⊙ represent lower limits because of incompleteness.
Mass (M⊙) R < 83 kpc R < 300 kpc
pred. obs. pred. obs.
> 2× 106 11.6+5.7
−4.9 >146 19.0
+8.9
−7.5 >193
> 107 5.6+3.5
−2.9 16 8.5
+5.0
−4.1 23
> 108 1.1+1.5
−1.1 0 1.5
+1.9
−1.4 0
the Milky Way (Mvir = 2
+0.5
−0.4×10
12 M⊙ Fardal et al. 2013).
Therefore we expect M31 to host 1.5+0.7−0.5 stripped nuclei with
masses larger than 106 M⊙, a factor of two lower than the
number suggested by observations. However in Fig. 5 some
haloes with masses of ∼ 2× 1012 M⊙ do host four stripped
nuclei with masses larger than 106 M⊙ and therefore M31
may have had more mergers than typical for it’s halo mass.
4.3 Fornax cluster
The Fornax cluster has the best studied UCD pop-
ulation of any galaxy cluster (e.g. Mieske et al. 2004;
Gregg et al. 2009) and therefore offers the best possibil-
ity to compare our predictions with observations. The
observed number of UCDs in Fornax and their lumi-
nosities and for some cases dynamical masses are taken
from a compilation of confirmed UCDs from work by
Hilker et al. (1999), Drinkwater et al. (2000), Mieske et al.
(2002, 2004), Bergond et al. (2007), Hilker et al. (2007),
Firth et al. (2007), Mieske et al. (2008), Gregg et al. (2009),
Schuberth et al. (2010) and Chilingarian et al. (2011),
where we assume UCDs are any objects with masses above
2 × 106 M⊙. The masses were calculated from the V -band
luminosity and (V − I) colour of the UCDs, assuming a
M/LV -(V − I) relation according to Maraston (2005) SSP
models (Kroupa IMF, blue horizontal branch) for ages above
11 Gyr (see Misgeld & Hilker 2011).
Within a clustercentric radius of 0.9 degree, which cor-
responds to ∼300 kpc at the Fornax distance of 19 Mpc
(Ferrarese et al. 2000), the numbers of UCDs with masses
above 107 M⊙ are more than 95 per cent complete thanks
to the all-targets approach by the 2dF Fornax surveys of
Drinkwater et al. (2000) and Gregg et al. (2009). For UCDs
with masses above 2× 106 M⊙ the completeness is not easy
to access. Most spectroscopic surveys concentrated on the
inner 15 arcmin from the cluster center, i.e. a projected
radius of <83 kpc at Fornax distance. Within 50 kpc the
UCD number counts above 2× 106 M⊙ are nearly complete
(see discussion in Mieske et al. 2012). Beyond this radius the
spectroscopic coverage becomes patchy (see Schuberth et al.
2010) and the completeness drops below 70 per cent within
100 kpc and probably is even lower beyond that. In terms
of the total number the effect is not that dramatic, since
the radial number density profile of UCDs decreases rapidly
with clustercentric distance.
In Table 2 we show the predicted number of stripped
nuclei for a simulated cluster with the virial mass of the
Fornax cluster as well as the observed number of UCDs in
the Fornax cluster. The predicted number of stripped nuclei
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are taken from equations 2-4. We assume a virial mass for
the Fornax cluster of (7 ± 2) × 1013 M⊙ (Drinkwater et al.
2001). We predict about 1 stripped nucleus with a mass
M > 108 M⊙ in the Fornax cluster, which agrees well with
the observed most massive ‘UCD3’, which has a dynami-
cal mass M ≈ 108 M⊙ (Hilker et al. 2007). The number of
stripped nuclei with masses M > 107 M⊙ we predict can
account for 20 to 60 per cent of the UCDs in the Fornax
cluster, with a mean of 40 per cent. For UCDs with masses
M > 2 × 106 M⊙ stripped nuclei can only account for 5 to
12 per cent of the number observed. This fraction is likely
slightly lower due to the incompleteness of observed UCDs.
If we assume all stripped nuclei are twice the effective ra-
dius of the original nucleus due to retaining stars from the
host galaxy, the stripped nuclei will have a mass 1.5 times
that of the nucleus (Pfeffer & Baumgardt 2013). Taking this
into account, we would predict 10.7+5.9−4.9 stripped nuclei with
masses M > 107 M⊙. This would account for 25 to 70 per
cent of the UCDs observed in Fornax with similar masses.
This means that most of the UCDs below 107 M⊙ are
most probably genuine globular clusters in accordance with
the results of Mieske et al. (2012). For UCDs with masses
above 107 M⊙ a significant fraction are likely to be stripped
nuclei.
5 DISCUSSION
5.1 Are UCDs stripped nuclei?
We find the contribution of stripped nuclei to UCD popula-
tions in galaxy clusters is only important for the most mas-
sive UCDs (M > 107 M⊙). In the Fornax cluster stripped
nuclei can only account for up to 26 per cent of UCDs more
massive 2 × 106 M⊙. Therefore our finding suggests most
UCDs are part of the bright tail of the GC population in
agreement with Mieske et al. (2012).
Many UCDs appear to have elevated dynamical mass-
to-light ratios, implying notable amounts of dark mass in
them (Mieske et al. 2013). Mieske et al. note that within
their sample, two-thirds of high-mass UCDs (M > 107 M⊙)
and one-fifth of low-mass UCDs (2 × 106 < M/M⊙ < 10
7)
require at the 1σ level some additional dark mass to ac-
count for their elevated dynamical mass-to-light ratio. They
suggest central black holes as relict tracers of massive pro-
genitors are a plausible explanation for the elevated mass-to-
light ratios, which implies many of the more massive UCDs
are stripped nuclei. Within the errors, these fractions are
in good agreement with the number of UCDs we predict to
form via tidal stripping in the Fornax cluster.
The difference between the observed number of UCDs
and the predicted number of stripped nuclei suggests GCs
dominate the combined GC plus stripped nucleus mass func-
tion, with the exception of the most massive objects. This
agrees well with the luminosity function of UCDs in the
Fornax cluster (Gregg et al. 2009, see fig. 4) where the most
luminous UCDs appear as a bright tail on top of the GC
luminosity function. Interestingly, this is not seen in the
GC mass function of Hilker (2009, see fig. 4). The origin of
this difference is unclear. The difference in the slope of the
power-law for GCs, α = −2 for massesM > 3×105 M⊙, and
stripped nuclei, α = −1.4 for masses 106 < M/M⊙ < 10
8,
may provide a way to further test our tidal stripping model
observationally.
Other recent studies have investigated whether tidal
stripping of dwarf galaxies in clusters can account for the
UCDs observed in clusters. Mieske et al. (2012) calculated
the fraction of GCs that contribute to the UCD population
based on the specific frequencies of GCs around galaxies.
They found at most 50 per cent of UCDs can have been
formed by tidal stripping. Around NGC 1399, they found if
tidal stripping contributes 50 per cent of the observed UCDs
than& 90 per cent of primordial dwarf galaxies in the central
∼ 50-70 kpc of the galaxy cluster must have been disrupted.
However we find at most 12 per cent of UCDs are formed
by tidal stripping. Repeating their calculation and taking
this into account implies only ∼ 40 per cent of primordial
dwarf galaxies must have been disrupted. These calculations
assume that any UCDs formed by tidal stripping must have
formed at the centre of the galaxy cluster. In our model
about 28 per cent of stripped nuclei associated with the
central galaxy in a Fornax sized galaxy cluster have been
stripped from satellite galaxies which have since merged in
the cluster. This would then imply only ∼ 35 per cent of pri-
mordial dwarf galaxies in the centre of galaxy clusters have
been disrupted.
Thomas et al. (2008) investigated a static model of tidal
stripping in a Fornax-like galaxy cluster where dwarf galax-
ies are disrupted and form UCDs if they pass within a given
radius. They found a static model predicts far too few UCDs
at radii greater than about 30 kpc. Our model relieves some
tension from the static models since not all UCDs must
be formed in the cluster itself. Some UCDs are still asso-
ciated with satellite galaxies within the clusters, while oth-
ers have been stripped from satellite galaxies which have
since merged in the cluster. We find approximately 36 per
cent of stripped nuclei are associated with satellite galaxies
in clusters. On average 22 per cent of stripped nuclei were
formed around satellite galaxies that have since merged in
the cluster. Stripped nuclei that are associated with satel-
lites or formed around galaxies which later merged into the
cluster will tend to be found at larger radii in clusters than
those formed around the central galaxy and may therefore
account for extended distribution of UCDs.
There are a number of further tests needed for our
model. Comparing the absolute number of stripped nuclei
predicted against the numbers observed is the most direct
test. In particular comparisons of the number of stripped
nuclei around central and satellite galaxies, as well as clus-
ters of different masses, are particularly important. We find
that stripped nuclei should scale with the halo virial mass
for the galaxy. However, determining whether an object is
a stripped nucleus or a normal GC is difficult without re-
solved stellar populations (such as in the Milky Way). Alter-
natively, enhanced mass-to-light ratios, above that expected
from stellar populations, may indicate a tidal stripping ori-
gin rather than a GC origin (e.g. if stripped nuclei host cen-
tral black holes, Mieske et al. 2013).
We predict a minimum 20 per cent of stripped nuclei
should be extended, with sizes more than twice that of the
nucleus in the progenitor galaxy. It is likely the fraction is
higher since interactions with satellite galaxies will have less
affect on a dwarf galaxy than those with massive galaxy clus-
ters. However, the observational completeness for such ob-
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jects is relatively unknown and therefore more observations
are required before a comparison can be made.
Since tidal tails of disrupting dwarf galaxies are ex-
pected to disperse and become unobservable on timescales of
∼ 1 Gyr (Pfeffer & Baumgardt 2013) this gives constraints
on the number of disrupting objects we can expect to ob-
serve in galaxy clusters. We find that an average of 0.3 ob-
jects (with stellar masses larger than 107.5 M⊙ before strip-
ping) per 1013 M⊙ have had mergers within the last 1 Gyr,
or 0.25 per 1013 M⊙ when only considering nucleated galax-
ies. Thus, given their halo virial masses, the Fornax and
Virgo clusters are expected to have 2-3 and 11-14 disrupting
galaxies which may be observable, and 2 and 9-12 disrupting
nucleated galaxies, respectively.
5.2 Caveats
By far the largest source for error in our method is assum-
ing that nuclei at high redshift adopt the same relations
we observe at low redshift, in particular that the nucleus-
to-galaxy mass ratio and the fraction of galaxies that host
nuclei is constant at all times. If this is different in the early
universe it may significantly affect our predictions for the
number of stripped nuclei and their mass function. If nuclei
are mainly formed after their progenitor galaxy this may
imply a steeper mass function than we predict (Fig. 7) due
to galaxies that merge early having less massive nuclei than
similar galaxies which merge later. If at least some part of
the nucleus is formed with the galaxy than the total number
of stripped nuclei will be largely unaffected. If most nuclei
are formed well after their host galaxy this could reduce the
total number of stripped nuclei significantly. Some evidence
for the latter exist in observations. Paudel et al. (2011) find
nuclei are typically much younger than their host galaxies
(3.5 Gyr on average). However since the nuclei are modelled
as simple stellar populations, any recent star formation may
bias the nuclei to lower ages and does not rule out the for-
mation of part of the nuclei at early times.
Other sources of error follow from the SAM.
Weinmann et al. (2011) find the dwarf-to-giant galaxy ra-
tio in model clusters is too high by a factor ∼50 per cent.
They suggest tidal disruption of low-mass galaxies is not ef-
ficient enough in the SAM. Since the ratio of disrupted to
non-disrupted galaxies in the model clusters is about 60 per
cent, this means we may be underestimating the number
of stripped nuclei formed by 50 per cent. Guo et al. (2011)
note that the abundance of low-mass galaxies (∼ 1010 M⊙)
is overproduced at early times (z > 0.6), indicating that star
formation in low-mass galaxies may be too efficient at early
times in their model. This may not be a significant prob-
lem for our model because dwarf galaxies merge at much
later times than when they form (see Fig. 8). However, this
may affect the amount of time a nucleus has to form if it
forms after the host galaxy and therefore relates to the first
caveat. Low-mass galaxies in the SAM are also too strongly
clustered on scales below 1 Mpc: too large a fraction of the
model galaxies are satellites, although the overall abundance
of galaxies matches well (Guo et al. 2011). They suggest a
lower value for the linear fluctuation amplitude σ8 would re-
duce this clustering. This would affect our predictions little
since the fraction of mass in a halo that was accreted in sub-
haloes of a given mass is relatively insensitive to the shape of
the power spectrum (Zentner & Bullock 2003; Dooley et al.
2014). A lower value for σ8 also results in subhaloes merging
later which would allow more time for nuclei to form. There
is only a slight improvement in these problems between MS-
II and MSII-SW7 since the decrease in σ8 between WMAP1
and WMAP7 is compensated by an increase in matter den-
sity Ωm (Guo et al. 2013).
In our model we don’t take into account continuous tidal
stripping of the stripped nuclei or that some objects may re-
tain part of the host galaxy after stripping. Continuous tidal
stripping will mainly affect the most massive and more ex-
tended objects near the centre of haloes (or objects with
very radial orbits, but these will be fewer) and may need to
be taken into account when comparing radial distributions
with observations. This effect will mainly decrease high-mass
stripped nuclei and therefore slightly increase the low-mass
numbers (assuming low-mass stripped nuclei will tend to be
more compact and therefore largely unaffected). During the
tidal stripping process, objects that have few close passages
in galaxy clusters may retain some part of their host galaxy
(Pfeffer & Baumgardt 2013). Objects that have many peri-
centre passages at distances larger than about 10 kpc may
have an effective radius a factor of two larger than the iso-
lated nucleus, or a factor of 1.5 in mass (e.g. their simulations
4, 11 and 18), while objects that have many passages less
than 10 kpc will appear about the same size as the isolated
nucleus. Objects which have only 1 to 3 passages less than
about 10 kpc, but many at much larger distances, may ap-
pear more than twice the size of the nucleus (i.e. their ‘box
orbits’). In Section 3.5 we showed that the number of objects
which have box orbits are likely to be few (∼ 20 per cent)
and most objects will have many passages less than 10 kpc
(∼ 54 per cent). Therefore for most objects retaining part
of the host galaxy has little effect.
6 SUMMARY
In this paper we present the first work to study GC and UCD
formation within the framework of cosmology. We use cos-
mological simulations combined with a semi-analytic galaxy
formation model to predict the properties of stripped nu-
clei that form via tidal stripping. Our main conclusions are
summarized as follows:
• The number of stripped nuclei scales with cluster virial
mass slightly less than linearly (N ∼ Mvir
0.9): formation
is slightly more efficient in low-mass clusters than high-
mass ones. For individual galaxies it scales as N ∼ Mvir
0.7.
Stripped nuclei numbers only scale with galaxy stellar mass
in the sense that high-mass galaxies typically reside in high-
mass haloes, therefore there is large scatter. The average
fraction of stripped nuclei associated with satellite galaxies
in galaxy clusters is 35 per cent.
• Between masses of 106 and 108 M⊙, the mass function of
stripped nuclei is approximately a power-law with N(M) ∼
M−1.5. In order to compare the predicted mass function
with observations we require observations that are complete
to masses of a few times 106 M⊙ for GCs and UCDs. We
predict there should be a break in the combined GC and
UCD mass function (although not at which mass) which
changes from a GC dominated regime with N(M) ∼M−2 to
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a stripped nucleus dominate regime, unless GCs completely
dominate the mass function.
• The progenitor galaxies of stripped nuclei are typically
very old (∼ 12 Gyr), while the formation of stripped nuclei
happens right up until 2 Gyr ago (our minimum time for
formation). If nucleus formation happens, or continues to
happen, some time between the formation and merging of
the progenitor galaxy (within 1 Gyr for low-mass galaxies, 2
Gyr for high-mass galaxies with masses larger than 1010 M⊙)
the ages of stripped nuclei agree well with those of observed
UCDs.
• When distances are scaled by the cluster virial radius,
the radial distributions of stripped nuclei in low-mass clus-
ters are more concentrated than distributions in high-mass
clusters. Detailed comparison with observed radial distri-
butions is needed to further test our model, but is beyond
the scope of this paper. Comparisons may be possible with
programs such as the NGVS.
• During the formation of stripped nuclei, most objects
have many close pericentre passages less than 10 kpc, while
20 per cent have only between one and three passages less
than 10 kpc which is required for extended UCD forma-
tion (objects more than two time the size of the nucleus).
Therefore tidal stripping will preferentially result in com-
pact objects similar in size to the initial nucleus.
• We predict that between 1 and 3 stripped nuclei more
massive than 105 M⊙ and 1 to 2 stripped nuclei more massive
than 106 M⊙ will form for systems with the virial mass of the
Milky Way. For nuclei with masses larger than 106 M⊙, this
agrees well with the number of GCs in the Milky Way which
have a spread in heavy element abundances and therefore
were likely formed inside a dwarf galaxy. However for masses
above 105 M⊙ the number predicted is a factor of three lower
than the number of GCs suggested to be stripped nuclei. The
most massive nuclei predicted to form in the Milky Way and
M31 agree well with the masses of ω Cen and G1, the most
massive GCs from each galaxy, respectively.
• In the Fornax cluster stripped nuclei can only account
for up to 12 per cent of UCDs more massive than 2×106 M⊙.
For UCDs more massive than 107 M⊙, between 20 and 60
per cent are likely to be stripped nuclei, or 25 to 70 per
cent when taking into account stellar envelopes from tidal
stripping. This agrees well with the result of Mieske et al.
(2012) that most UCDs are part of the bright tail of the GC
population.
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